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Introduction {#sec1}
============

Sibling cell size asymmetry, here also called physical asymmetry, refers to the formation of unequally sized cells during cell division. Metazoan cells tightly regulate the mechanisms controlling symmetric or asymmetric physical cell divisions, but the mechanics and physiological roles are still unclear ([@bib22]).

The anaphase spindle has been proposed to be the primary determinant for the positioning of the cleavage furrow ([@bib11], [@bib20], [@bib14], [@bib15]). Regulating spindle positioning, orientation, and geometry thus offers a mechanism for the generation of equal- or unequal-sized sibling cells ([@bib30], [@bib23], [@bib1], [@bib6]). For instance, changing spindle position or metaphase plate location of symmetrically dividing cultured human cells can induce physically asymmetric cell divisions ([@bib17], [@bib28]). Flies and ascidians control spindle symmetry and positioning through microtubule-depolymerizing kinesin family proteins such as Klp10A or Kif2A ([@bib10], [@bib12], [@bib7]).

*Drosophila* neuroblasts, the neural stem cells of the developing central nervous system are an ideal system to investigate sibling cell size asymmetry. These cells divide asymmetrically by size and fate, forming a large self-renewed neuroblast and a small differentiating ganglion mother cell (GMC). Neuroblasts are intrinsically polarized ([@bib16], [@bib13]), and changes in cell polarity affect spindle geometry and sibling cell size asymmetry ([@bib1], [@bib4], [@bib6]). However, findings from *Drosophila* and *C. elegans* neuroblasts suggest that cell size asymmetry is also regulated by asymmetric localization of non-muscle Myosin II (Myosin hereafter) ([@bib5], [@bib9], [@bib19]). Fly neuroblasts relocalize Myosin to the cleavage furrow at anaphase onset through a basally directed cortical Myosin flow followed by, with a 1-min delay, an apically directed cortical Myosin flow. The molecular mechanisms triggering apical-basal cortical Myosin flow onset are not entirely clear but involve apically localized Partner of Inscuteable (Pins; LGN/AGS3 in vertebrates), Protein Kinase N, and potentially other neuroblast-intrinsic polarity cues. On the basal neuroblast cortex, spindle-dependent cues induce an apically directed cortical Myosin flow to the cleavage furrow. The correct timing of these Myosin flows is instrumental in establishing biased Myosin localization and sibling cell size asymmetry in fly neuroblasts ([@bib29], [@bib21], [@bib23]).

Spatiotemporally controlled Myosin relocalization provides a framework for the generation of unequal-sized sibling cells, but the forces driving biased cortical expansion are still unknown. Here, we use atomic force microscopy (AFM) to measure dynamic changes in cell stiffness and cell pressure ([@bib18]), combined with live cell imaging and genetic manipulations in asymmetrically dividing neuroblasts. We found that physical asymmetry is formed by two sequential events: (1) internal pressure initiates apical expansion, enabled by a Myosin-dependent softening of the apical neuroblast cortex and (2) actomyosin contractile tension at the basally shifted cleavage furrow subsequently initiates basal expansion while maintaining apical membrane expansion. Thus, spatiotemporally coordinated Myosin relocalization combined with hydrostatic pressure and cleavage furrow constriction enables biased membrane extension and the establishment of stereotypic sibling cell size asymmetry. Furthermore, we found that if biased cortical expansion is compromised, either by removing hydrostatic pressure or by altering spatiotemporally regulated Myosin relocalization, a dynamic adjustment of the cleavage furrow position compensates for the lack of biased expansion to rescue the establishment of physical asymmetry.

Results {#sec2}
=======

A Cell-Intrinsic Stiffness Asymmetry Precedes the Formation of the Cleavage Furrow {#sec2.1}
----------------------------------------------------------------------------------

Cell shape changes are largely controlled by changes in mechanical stress and tension at the cell surface ([@bib8]). During physical asymmetric cell division, cortical proteins are subject to precise spatiotemporal control ([@bib23], [@bib29]), but how this impacts cell surface tension to allow for dynamic cell shape changes is incompletely understood ([Figure 1](#fig1){ref-type="fig"}A). To this end, we set out to measure cell stiffness---a measure of the resistance of the cell surface to an applied external force---of asymmetrically dividing larval brain neuroblasts with AFM. As *in vivo* these neural stem cells are surrounded by cortex glia apically, and GMCs and differentiating neurons basally, we established primary neuroblast cultures so that the AFM tip could directly probe the neuroblast surface. Cultured larval brain neuroblasts showed normal polarization and cell cycle timing ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C and [@bib2]).Figure 1Cortical Stiffness Only Partially Correlates with Myosin Localization and Curvature(A) Wild-type neuroblasts undergo biased membrane expansion (orange arrows) concomitant with spatiotemporally controlled Myosin relocalization (green arrows). Apical Myosin flows (green arrows) toward the cleavage furrow before the onset of an apically directed Myosin flow (green arrows).(B) Schematic representation showing cortical stiffness measurement points along the cell cortex (colored circles) throughout mitosis. Measurements were binned into five cortical regions along the apical-basal neuroblast axis.(C) Representative image sequence showing a wild-type neuroblast expressing Sqh:GFP (Myosin; green) and the centrosome marker Cnn:GFP (bright green dots) throughout mitosis. Positions where AFM measurements were performed are labeled with colored circles (see also [Figure S1](#mmc1){ref-type="supplementary-material"}).(D) Distribution of mean cortical stiffness and standard error of the mean (top row, n = 25) in all regions along the division axis throughout mitosis in reference to anaphase onset (0 s). The bottom row shows the corresponding heatmap for cortical stiffness.(E--J) (E) Mean Myosin intensity (n = 19) at all sub-binned regions for wild-type neuroblasts; time axis is relative to anaphase onset. Mean stiffness (n = 25) and mean curvature (dimensional unit is μm^−1^, n = 19) are shown in (F) and (G), respectively. Deviation coefficients (see [Methods](#sec4){ref-type="sec"}) were plotted to correlate Myosin intensity with cortical stiffness (H), curvature with stiffness (I), and Myosin intensity with curvature (J).Scale bar, 5 μm.

We used a rounded, 300-nm-radius AFM tip and measured neuroblast stiffness on ∼20 positions along the apical-basal division axis every 30 s. The averaged measurements (n = 25 neuroblasts) were binned in five regions (apical, sub-apical, middle, sub-basal, and basal) ([Figure 1](#fig1){ref-type="fig"}B). Cell cycle stages and the position of measurement were determined using Sqh:GFP ([@bib24]) (labeling Myosin\'s regulatory light chain) and GFP-tagged centrosomin (cnn:GFP, labeling centrosomes; [@bib33]) ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1H and [Methods](#sec4){ref-type="sec"}).

Our AFM measurements revealed that cell stiffness was mostly uniform before anaphase onset ranging from 0.5 to 0.8 nN μm^−1^. At anaphase onset and 60 s thereafter ("0 s" marks anaphase onset in [Figures 1](#fig1){ref-type="fig"}C and 1D), we observed a noticeable increase in stiffness in the mid and sub-basal regions, reaching almost 1.0 nN μm^−1^. Interestingly, this increase in stiffness appeared in the region of the prospective cleavage furrow, most likely coinciding with the localization of the centralspindlin component Tumbleweed (MgcRacGAP in vertebrates) ([@bib23]). However, stiffness dropped over most of the cell cortex 90 s after anaphase onset, eliminating this apparent stiffness asymmetry. In late anaphase, stiffness increased again, predominantly in the cleavage furrow region. Taken together, these measurements revealed a stereotypic increase in neuroblast stiffness until anaphase onset before it dropped significantly thereafter. Furthermore, stiffness was not uniform but distributed asymmetrically in early anaphase and was at its highest in a basally shifted region corresponding to the prospective cleavage furrow.

Neuroblast Stiffness Is a Combination of Actomyosin Contractile Tension and Other Biophysical Parameters {#sec2.2}
--------------------------------------------------------------------------------------------------------

Previously, it was suggested that cortical relaxation at the poles was responsible for biased membrane expansion during physical asymmetric cell division ([@bib9]). Cortical relaxation could be induced through Myosin relocalization, prompting us to correlate stiffness changes with Myosin relocalization dynamics. As the wide-field imaging data were not sufficiently reliable to extract Myosin intensity we imaged third instar neuroblasts expressing Sqh:GFP with spinning disk microscopy and correlated the resulting intensity and curvature profiles with AFM stiffness data by calculating the relative change between Myosin intensity and cell curvature, and between Myosin intensity and cell stiffness. As reported previously ([@bib23]), apical Myosin intensity started to decrease at anaphase onset, although stiffness increased again apically ([Figures 1](#fig1){ref-type="fig"}E and 1F). In the mid and sub-basal regions, both Myosin intensity and stiffness increased. Similarly, high Myosin intensity was visible at the forming cleavage furrow later in anaphase, concomitant with detectable changes in cell surface curvature. The most noticeable curvature changes became apparent in the furrow region from 120 s after anaphase onset onward ([Figures 1](#fig1){ref-type="fig"}E--1G). The resulting deviation coefficients revealed that Myosin intensity and curvature strongly correlate early (−120 to 30 s) on the apical neuroblast cortex and later in the cleavage furrow region (120 to 240 s); the shift in Myosin intensity from the apical cell cortex toward the furrow region, previously described as a cortical flow ([@bib23]), was accompanied by a shift in curvature changes. Until 120 s after anaphase onset, stiffness correlated best with Myosin intensity in the cleavage furrow region. However, it is noticeable that Myosin intensity poorly correlated in many cortical regions with either curvature or stiffness ([Figures 1](#fig1){ref-type="fig"}H--1J and [2](#fig2){ref-type="fig"}G--2J).Figure 2Hydrostatic Pressure Increases during Mitosis, Peaking Right after Anaphase Onset(A--J) (A) Mean rounding force (magenta line) and mean hydrostatic pressure (black balls) measured by AFM using the parallel plate assay (see [Figure S2](#mmc1){ref-type="supplementary-material"} for more details; error bars represent standard error of the mean, n = 13) throughout mitosis for wild-type neuroblasts. The boxed measurements are shown enlarged in (B). The gray vertical line refers to anaphase onset (0 min). The orange vertical line highlights the onset of the hydrostatic pressure drop. Graphs showing the mean cortical stiffness and mean hydrostatic pressure throughout mitosis for (C) the entire neuroblast (global average) and the (D) apical, (E) furrow, and (F) basal regions. Graphs showing the mean cortical stiffness and mean Myosin intensity throughout mitosis for (G) the entire neuroblast (global average) and the (H) apical, (I) furrow, and (J) basal regions.

We conclude that asymmetrically dividing fly neuroblasts dynamically change stiffness locally, which only partially correlates with local Myosin accumulation and cell shape changes. We hypothesize that the local accumulation of Myosin filaments directly or indirectly affects cell surface properties in cortical regions with low Myosin filament concentration. For example, actomyosin constriction at the furrow can stretch the cortex in the apical region, which could result in a high stiffness value even in the absence of apical Myosin. Alternatively, the registered neuroblast stiffness could be a combination of Myosin activity and other biophysical parameters.

Neuroblasts Build up Hydrostatic Pressure until Anaphase Onset, Followed by a Pressure Drop in Early Anaphase {#sec2.3}
-------------------------------------------------------------------------------------------------------------

As cells increase their hydrostatic pressure during mitosis ([@bib27]), we wondered whether changes in neuroblast stiffness could be attributed to changes in hydrostatic pressure. We used a parallel plate assay to measure rounding force by pressing a wedge onto cultured neuroblasts expressing the membrane marker PH:GFP (see also [Methods](#sec4){ref-type="sec"} and [Figure S2](#mmc1){ref-type="supplementary-material"}A). Rounding force gradually increased during mitosis before dropping sharply shortly after anaphase onset ([Figure S2](#mmc1){ref-type="supplementary-material"}B). From these measurements, we used two methods to calculate the corresponding hydrostatic pressure. (1) We measured the surface area in contact with the AFM wedge for each time point and divided the registered rounding force by this value. (2) We used the Young-Laplace formula ([@bib32], [@bib31]) (see also [Methods](#sec4){ref-type="sec"}) to obtain the contact area before anaphase. At these stages, Young-Laplace calculations are very precise because cells are predominantly spherical before elongation in anaphase. However, because our contact area measurements were much higher than the calculated Young-Laplace surface area, probably due to optical aberrations, we calculated a correction factor and applied it to the detected contact area to extract hydrostatic pressure at all time points ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). These measurements showed that cultured neuroblasts increase their intracellular hydrostatic pressure up to 105 Pa ([Figures 2](#fig2){ref-type="fig"}A and 2B; mean p = 103; SD = +/− 6.08; n = 13) 1 min after anaphase onset. However, 2 min after anaphase onset, hydrostatic pressure has already dropped by 20% compared with its peak value. Once division is completed, neuroblasts have a significantly lower hydrostatic pressure (mean p = 10.92; SD = ±3.72; n = 13) compared to the pressure at\' the onset of mitosis.

Stiffness averaged over the entire neuroblast cortex followed hydrostatic pressure and also concomitantly increased at the apical, basal, and furrow regions. However, apical and basal stiffness poorly correlated with hydrostatic pressure from approximately 2 min after anaphase onset. Similarly, stiffness increased sharply in the cleavage furrow region 2.5 min after anaphase onset, whereas hydrostatic pressure had already dropped ([Figures 2](#fig2){ref-type="fig"}C--2F).

Taken together, these data suggest that at the cellular level, changes in hydrostatic pressure match neuroblast stiffness. However, on a subcellular level, local stiffness differs spatiotemporally from global hydrostatic pressure.

The Coordination between Hydrostatic Pressure and Myosin Relocalization Enables Biased Cortex Expansion {#sec2.4}
-------------------------------------------------------------------------------------------------------

Next we asked how these dynamic changes in cell surface stiffness and hydrostatic pressure contribute to the establishment of sibling cell size asymmetry. Previously, we showed that Myosin relocalization dynamics strongly correlates with physical asymmetry ([@bib23], [@bib29], [@bib9]), but the force underlying biased cortex expansion remained unexplained. Neuroblast cortex and membrane extension could be driven by (1) actomyosin contractile tension at the cleavage furrow (furrow constriction) displacing fluid and cytoplasmic material, (2) internal pressure, or (3) a combination of both ([Figure 3](#fig3){ref-type="fig"}A). We thus analyzed how dynamic changes in neuroblast pressure during mitosis correlate with Myosin relocalization, constriction, and biased cortical expansion. To this end, we imaged neuroblasts in intact brains, expressing Sqh:GFP and the spindle marker Cherry:Jupiter, and quantified the extent of apical and basal cortical expansions in relation to anaphase onset and cleavage furrow ingression, constriction, and expansion rates, and Myosin intensity at the apical, basal, and furrow cortex ([Figures 3](#fig3){ref-type="fig"}B--3G, [S3](#mmc1){ref-type="supplementary-material"}A, and S3B). Here, we consider furrow diameter reduction as the earliest sign of furrow constriction because it can be uncoupled from cortical extension (see below). We found that wild-type neuroblasts always started to expand shortly after anaphase onset on the apical neuroblast cortex first, followed by furrow diameter reduction. Expansion of the basal cell cortex occurred after furrow diameter reduction, almost at the same time as furrowing (furrow ingression) was detectable ([Figure 3](#fig3){ref-type="fig"}H). Before constriction, neuroblasts expanded by ∼0.6 μm on the apical cortex, but no expansion was detected basally. Once constriction started, expansion was measureable on both the apical and basal neuroblast cortex ([Figures 3](#fig3){ref-type="fig"}I and 3J). These data suggest that (1) initial apical expansion is primarily driven by hydrostatic pressure and (2) sustained apical and all basal expansion is driven by furrow constriction. Furthermore, biased cortical expansion could correlate with Myosin relocalization dynamics. Indeed, apical expansion occurred shortly after anaphase onset, coinciding with a drop in apical Myosin intensity and high internal pressure. The onset of basal cortex expansion---∼90 s after anaphase onset---coincided with decreasing levels of basal Myosin, dropping hydrostatic pressure, and an increase in Myosin intensity at the cleavage furrow ([Figure 3](#fig3){ref-type="fig"}K).Figure 3Internal Hydrostatic Pressure and Myosin Relocalization Dynamics Drive Asymmetric Cortical Expansion in Fly Neuroblasts(A) Biased membrane expansion could be driven by furrow constriction, intracellular hydrostatic pressure, or a combination of both.(B--G) (B) Representative image sequence showing a wild-type neuroblast expressing Sqh:GFP (white). Kymographs obtained along the apical-basal axis (orange dotted line) are shown in (C) or the furrow region (blue dotted line) in (D). Mean change in the expansion/constriction length (E), rate of change (F), and Myosin intensity (G) are plotted for the apical cortex (green), the basal cortex (red), and the furrow site (blue). Vertical bars refer to standard error of the mean (n = 19). The time axis is relative to anaphase onset (0 s). The inset in (E) shows a magnification of the 0- to 2-min time window.(H--J) (H) Scatterplot showing the onset of apical expansion (green), onset of furrow diameter reduction (blue), onset of basal expansion (red), and onset of furrow initiation (when the curvature first changes from a straight line to an inward bending curve; purple). Changes in expansion length for both apical (green) and basal (red) cortex before and after furrow constriction (furrow diameter reduction) are shown in (I) and (J), respectively.(K) Graph showing the mean rounding force (purple), mean hydrostatic pressure (cyan circles with error bars), mean Myosin intensity at the apical cortex (green), mean Myosin intensity at the basal cortex (red), and mean Myosin intensity at the furrow site cortex (blue). The green and red dashed lines represent the mean onsets of apical and basal expansions, respectively. Scale bar, 5 μm. Yellow timescale bar in kymographs, 2min.Asterisks denote statistical significance, derived from unpaired t tests: \*\*\*p ≤ 0.001, \*\*\*\*p ≤ 0.0001; n.s., not significant.

We conclude that in wild-type neuroblasts, apical membrane expansion occurs when hydrostatic pressure is the highest. Basal cortical expansion coincides with an increase in Myosin at the cleavage furrow and a reduction of basally located Myosin. These data suggest that apical expansion is driven by high hydrostatic pressure and permitted by decreasing actomyosin contractile tension on the apical cortex. Basal membrane expansion, however, is primarily driven by an increase in cleavage furrow constriction and enabled by a lowering of actomyosin contractile tension on the basal cell cortex.

Spatiotemporal Control of Actomyosin Contraction Affects Expansion Dynamics and Sibling Cell Size Asymmetry {#sec2.5}
-----------------------------------------------------------------------------------------------------------

Next, we tested how global or local modulations in actomyosin contractile tension and changes in hydrostatic pressure affected biased cortical extension dynamics. We reasoned that relieving both the apical and basal cortices from actomyosin contractile cortical tension should permit hydrostatic pressure to drive symmetric expansion. To test this hypothesis, we analyzed *pins* mutant neuroblasts, which have been shown to clear Myosin from both the apical and basal cell cortex simultaneously ([@bib5], [@bib29], [@bib23]). Indeed, in contrast to wild-type, apical and basal extension occurred to the same extent before furrow constriction in *pins* mutant neuroblasts ([Figures 4](#fig4){ref-type="fig"}A, 4G, 4E, 4F, S3C, and S3D). Similarly, delaying Myosin relocalization from both cell poles should prevent initial pressure-driven expansion and bias it toward constriction-driven expansion. To this end, we coexpressed Sqh:GFP together with the membrane-tethered nanobody ((pUAST-CAAX:vhhGFP4); vhhGFP4 has a high affinity for GFP; [@bib25]), thereby delaying Myosin relocalization on the apical and basal neuroblast cortex (referred to as CAAX hereafter). This manipulation abolished initial apical expansion, causing the apical and basal cell cortex to predominantly expand during furrow ingression ([Figures 4](#fig4){ref-type="fig"}B, 4H, 4E, 4F, [S3](#mmc1){ref-type="supplementary-material"}E, and S3F).Figure 4Physical Asymmetric Cell Division Is a Two-Step Process Driven by Internal Pressure and Spatiotemporally Controlled Myosin Relocalization(A--J) Representative anaphase images, change in expansion/constriction length, expansion/constriction rate, and Myosin intensity shown for (A) *pins* (n = 13), (B) CAAX:vhhGFP4 expressing (n = 11), (C) EIPA-treated wild-type (n = 11), and (D) EIPA-treated *pins* mutant (n = 12) neuroblasts expressing Sqh:GFP (white). Measurements are shown for the apical cortex (green), the basal cortex (red), and the furrow site (blue). Time axis is relative to anaphase onset (0 s). Scatterplots showing the change in expansion length for the apical (green) and basal (red) cortex before (E) and after (F) constriction (furrow diameter reduction). Scatterplots showing the onset of apical expansion (green), furrow diameter reduction (blue), and basal expansion (red) for (G) *pins*, (H) CAAX:vhhGFP4-expressing, (I) EIPA-treated wild-type, and (J) EIPA-treated *pins* mutant neuroblasts.(K) Scatterplots showing the cell size ratio for wild-type (n = 19), *pins* (n = 13), CAAX:vhhGFP4-expressing (n = 11), EIPA-treated wild-type (n = 11), and EIPA-treated *pins* mutant neuroblasts.(L) Theoretical model describing the contribution of cortical expansion and furrow shift to daughter cell size difference (Ai, asymmetry index).(M) Simulated heatmap defining different asymmetry regions based on the contribution of cortical expansion and the change in furrow positioning to the asymmetry index.(N) Scatterplots showing the correlation between daughter cell size ratio and the normalized asymmetry index.(O) Model. (1) Spatiotemporally regulated Myosin relocalization permits initial internal-pressure-driven apical expansion. (2, 3) Subsequently, owing to dissipation of internal pressure, sustained apical and subsequent basal expansion is driven by actomyosin-dependent furrow constriction. (3) Shifting or late positioning of the cleavage furrow can compensate for the lack of biased cortical expansion (see [Figure S3](#mmc1){ref-type="supplementary-material"} for more details).See text for details. Scale bars, 5 μm. Asterisk denote statistical significance, derived from unpaired t tests: \*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001, \*\*\*\*p ≤ 0.0001; n.s., not significant.

Myosin relocalization dynamics can also be biased by removing the mitotic spindle using colcemid, a condition delaying basal Myosin relocalization while still permitting normal apical clearing ([@bib23], [@bib21]). Although the lack of the mitotic spindle prevented us from determining anaphase onset, we found that expansion only occurred apically before constriction, followed by a late constriction-driven basal expansion event. As Myosin was retained basally, the basal cortex initially retracted, and we measured the extent of expansion following this initial retraction only ([Figures S3](#mmc1){ref-type="supplementary-material"}G, S3H, and S3Q--S3S).

If hydrostatic pressure drives initial apical expansion, then lowering hydrostatic pressure should delay apical expansion until constriction sets in. In cells, hydrostatic pressure can be generated by an osmolarity gradient; if the osmolarity is higher inside the cell than outside, inflowing water will create hydrostatic pressure. Osmolarity and thus hydrostatic pressure can be changed by inhibiting ion transporters at the plasma membrane. We used ethylisopropylamiloride (EIPA), an inhibitor of Na^+^/H^+^ antiporters to reduce hydrostatic pressure ([@bib27]) in neuroblasts, and measured the subsequent expansion dynamics. EIPA did not affect Myosin dynamics, but wild-type or *pins* mutant neuroblasts exposed to EIPA predominantly abolished pre-constriction-driven expansion. Apical and basal expansion predominantly occurred after constriction started ([Figures 4](#fig4){ref-type="fig"}C--4F, 4I, 4J, and [S3](#mmc1){ref-type="supplementary-material"}I--S3L).

Cell rounding is also regulated by a balance between actomyosin contractile tension and hydrostatic pressure ([@bib27]). Thus we hypothesized that lowering actomyosin contractile tension by reducing the amount of activated cortical Myosin should diminish intracellular hydrostatic pressure, thereby altering expansion dynamics. Adding the Rho kinase inhibitor Y-27632 to wild-type neuroblasts significantly lowered cortical Myosin intensity; complete Rok inhibition showed no difference between cortical and cytoplasmic signals, whereas partial inhibition still contained lowered cortical Myosin levels ([Figures S3](#mmc1){ref-type="supplementary-material"}M--S3P). Strong Rok inhibition prevented all apical and basal membrane extension and constriction ([Figures S3](#mmc1){ref-type="supplementary-material"}M and S3N), but partial inhibition of Rok allowed apical and basal membranes to expand at the onset of furrow diameter reduction ([Figures S3](#mmc1){ref-type="supplementary-material"}O and S3P). However, similar to EIPA-treated neuroblasts, most expansion occurred predominantly after furrow constriction set in ([Figures S3](#mmc1){ref-type="supplementary-material"}Q--S3T). Thus lowering actomyosin contractile tension shifted the initial pressure-driven expansion toward constriction-driven expansion.

We conclude that Myosin localization and activity, as well as hydrostatic pressure, determine the cortical expansion dynamics. In the absence of hydrostatic pressure, or if actomyosin contractile tension is maintained, membrane expansion is primarily driven by cortical constriction. Furthermore, the spatiotemporal regulation of Myosin relocalization underlies biased cortical expansion dynamics.

Cleavage Furrow Shifting Can Compensate for the Lack of Biased Cortical Expansion {#sec2.6}
---------------------------------------------------------------------------------

Finally, we tested how pressure-driven and constriction-driven expansions contribute to the establishment of physical asymmetry. In most cases, alterations in either cortical expansion dynamics by changing Myosin dynamics (*pins* mutants, CAAX neuroblasts), hydrostatic pressure (EIPA treatment), or both also affected sibling cell size asymmetry ([Figures 4](#fig4){ref-type="fig"}K and [S3](#mmc1){ref-type="supplementary-material"}U). However, we noticed that some EIPA-treated and CAAX neuroblasts showed wild-type-like asymmetry ratios, although they expanded to the same extent on both the apical and basal cell cortex. We hypothesized that a shifting cleavage furrow could provide a mechanism to correct for the lack of expansion-driven physical asymmetry establishment. Indeed, EIPA-treated neuroblasts preferentially shifted the cleavage furrow toward the basal cortex, whereas wild-type neuroblasts can shift it in either direction ([Figures S3](#mmc1){ref-type="supplementary-material"}V--S3X). We established a mathematical model that calculates an asymmetry index (Ai) as a measure of the degree of sibling cell size asymmetry ([Figures 4](#fig4){ref-type="fig"}L and 4M). This asymmetry index includes both polar cell expansion and cleavage furrow shift. For instance, in the absence of biased apical extension, wild-type-like physical asymmetry can be achieved by shifting the cleavage furrow basally. Alternatively, excessive basal expansion, combined with an apically shifted cleavage furrow, should result in inverted physical asymmetry ([Figure 4](#fig4){ref-type="fig"}M). To test this model, we measured apical and basal expansions as well as the cleavage furrow shift and found a good correlation with the final sibling cell size ratio ([Figure 4](#fig4){ref-type="fig"}N).

Taken together, we conclude that to establish physical asymmetry, shifting the cleavage furrow can compensate for the lack of biased cortical extension.

Discussion {#sec3}
==========

Sibling cell size asymmetry occurs in multiple cell types and organisms, but the underlying mechanisms are diverse and incompletely understood ([@bib22], [@bib3]). Here, we characterized the biophysical forces underlying the formation of unequal sibling cell size in asymmetrically dividing fly neuroblasts. We used AFM to map dynamic changes in cellular stiffness throughout asymmetric cell division. These measurements revealed a characteristic stiffness asymmetry, marking the position of the prospective cleavage furrow already in early anaphase. This finding is consistent with our previous measurements, which revealed an accumulation of the centralspindlin component Tumbelweed in the prospective furrow region as well as an increase in actomyosin accumulation before measurable furrowing ([@bib23]). Consistent with human cells ([@bib27]) we found that neuroblast stiffness increased during mitosis, peaking shortly after anaphase onset. The global increase in cell stiffness is predominantly attributed to an increase in intracellular pressure and only partially to local accumulation of Myosin. However, correlations between cellular stiffness and Myosin localization can be found at specific time points and cellular locations such as the cleavage furrow region in anaphase.

Here, we also report the interplay between Myosin relocalization, biased neuroblast cortex expansion, and changes in hydrostatic pressure, resulting in an intuitive model that can explain the establishment of sibling cell size asymmetry. Relieving the apical cell cortex from actomyosin contractile tension in early anaphase allows for pressure-driven biased cortical expansion. Subsequently, the drop in hydrostatic pressure---presumably due to an increase in cell volume---is compensated by an assembly of actomyosin at the cleavage furrow, which enables the continuation of apical extension and the onset of basal membrane extension based on constriction-driven displacement of cytoplasmic material ([Figure 4](#fig4){ref-type="fig"}O). This biased cortical expansion is coordinated by actomyosin contractile tension, which underlies precise spatiotemporal control ([@bib9]). For instance, apical Myosin relocalization dynamics is controlled by the apical polarity protein Pins through biased localization of Rok and Pkn ([@bib5], [@bib29]) and basal Myosin relocalization is controlled by the spindle-dependent pathway ([@bib21], [@bib23]). Both apical and basal Myosin relocalization occurs through cortical Myosin flow ([@bib23]). Apical Myosin flow onset starts shortly after anaphase onset, at the peak of hydrostatic pressure. However, on the basal cell cortex, Myosin relocalization occurs with ∼1-min delay ([@bib23]), suggesting that the relaxing apical cell cortex permits initial pressure-driven apical expansion, but due to the delay of basal Myosin relocalization, reduced hydrostatic pressure is insufficient to overcome basal actomyosin contractile tension.

Biased cortical expansion is important to establish physical asymmetry. However, we discovered that neuroblasts utilize a backup mechanism to compensate for the lack of asymmetric polar expansion. For instance, modulating either hydrostatic pressure or Myosin distribution created situations in which both poles expand simultaneously. However, due to a shift in furrow positioning, or a late basal furrow positioning mechanism, these neuroblasts can still establish near wild-type-like physical asymmetry. Although we have not further investigated the mechanisms underlying final furrow positioning, previous results indicate that this is indirectly attributed to spindle-dependent cues ([@bib5], [@bib21], [@bib23]). Spindle positioning, spindle geometry, or a combination thereof could influence the spatiotemporal establishment of a Myosin gradient. In wild-type neuroblasts, this gradient can be detected with our stiffness measurements and is already positioned early in anaphase. Modifications in spindle geometry and positioning could influence final furrow positioning by modulating Myosin flows. In sum, we propose that pressure-driven expansion, spindle geometry, and spindle positioning contribute toward the establishment of sibling cell size asymmetry. Under normal conditions, the primary determinant is biased cortical expansion, but if cortical expansion is compromised (either by reducing hydrostatic pressure or manipulating Myosin relocalization), a shifting furrow---most likely due to spindle geometry and/or positioning---can compensate.

Previously it was proposed that local modulations in cortical tension could allow cells to alter their shape ([@bib27]). Our study provides experimental evidence for this model under physiological conditions and could be potentially relevant to other invertebrate and vertebrate cells alike ([@bib26]). In the future, it will be interesting to learn whether biased membrane extension is accompanied by asymmetric membrane addition or an unfolding of membrane stores. Similarly, the mechanisms regulating hydrostatic pressure during the cell cycle remain to be defined.

Limitations of the Study {#sec3.1}
------------------------

The AFM data presented in this study are obtained from isolated neuroblasts. Our stiffness measurements thus neglect the contribution of neighboring cells such as cortex glia and GMCs. We also cannot exclude the possibility that the EIPA affects physiological processes other than hydrostatic pressure.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1--S3Data S1. Codes to Determine Statistical Averages for Cortical Stiffness, Hydrostatic Pressure, Myosin Intensity, and Expansion Dynamics, Related to Figures 1--4 and S1--S3
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